• Brentuximab vedotin was active in DLBCL across a range of CD30 expression levels, and objective responses occurred in 44% of patients. . There was no statistical correlation between response and level of CD30 expression; however, all responding patients had quantifiable CD30 by computerassisted assessment of immunohistochemistry. DLBCL patients were generally refractory to first-line (76%) and most recent therapies (82%), and 44% of these refractory patients responded (15% CRs). Patients with other B-cell lymphomas also responded: 1 CR, 2 partial responses (PRs) of 6 with gray zone, 1 CR of 6 with primary mediastinal B-cell, and 1 CR of 3 with posttransplant lymphoproliferative disorder. Adverse events were consistent with known toxicities. The combination of brentuximab vedotin with rituximab was generally well tolerated and had activity similar to brentuximab vedotin alone. Overall, significant activity with brentuximab vedotin was observed in relapsed/refractory DLBCL, and responses occurred across a range of CD30 expression. This study
Introduction
Diffuse large B-cell lymphoma (DLBCL) is the most common form of non-Hodgkin lymphoma (NHL). 1 First-line treatment with rituximab plus cyclophosphamide, doxorubicin, vincristine and prednisone (R-CHOP) results in long-term disease-free survival in 33% to 96% of patients, depending on several prognostic variables; however, about 30% of patients with DLBCL eventually succumb to the disease. 2 A fraction of DLBCL patients (;25%) who recur after or are refractory to first-line therapy are eligible for and will be cured by salvage chemotherapy followed by autologous stem cell transplantation (SCT). There is no standard therapy for patients for whom salvage regimens fail or who are ineligible for transplant. Response rates are poor in this setting, and novel approaches are needed. [3] [4] [5] [6] [7] Similarly, effective salvage therapies are lacking for subsets of DLBCL, such as the mediastinal variant of DLBCL, and other aggressive NHLs, such as gray zone lymphomas (B-cell lymphoma unclassifiable with features intermediate between DLBCL and classical Hodgkin lymphoma [HL] ) and posttransplant lymphoproliferative disorders (PTLDs). [8] [9] [10] [11] [12] CD30 is expressed in a variety of malignancies 13, 14 and is present in 14% to 25% of DLBCL patients, depending on the cutoff used to assign positivity. [15] [16] [17] Hu et al reported a unique gene expression profile for de novo DLBCL expressing CD30 in greater than 20% of cells. 15 Although this study suggested that CD30 expression imparts a more favorable prognosis with first-line R-CHOP therapy, other studies have not universally confirmed this finding and the prognostic implications of CD30 expression at relapse are unclear. 17, 18 Brentuximab vedotin (ADCETRIS) is a CD30-directed antibodydrug conjugate (ADC). After binding to CD30 on the tumor cell surface, preclinical data suggest that the ADC internalizes leading to release of monomethyl auristatin E (MMAE) via proteolytic cleavage and induction of cell-cycle arrest and apoptosis. 19 This study (NCT01421667) was initiated to evaluate the efficacy and safety of single-agent brentuximab vedotin in relapsed/refractory mature T-cell and B-cell lymphomas with variable CD30 expression. Results from the T-cell cohort were published previously. 20 The protocol was amended to include an additional group of DLBCL patients to be treated with brentuximab vedotin and rituximab with the intent of assessing the safety of this combination.
Patients and methods
This is a phase 2, open-label, multicenter study designed to evaluate the efficacy and safety of brentuximab vedotin in relapsed/refractory NHL, including both World Health Organization classifications of mature T-cell and/or natural killercell and B-cell neoplasms. 21 The results for the planned subset analysis of patients with CD30
1 B-cell lymphomas, including DLBCL and other B-cell lymphomas, are presented. This study was conducted in compliance with the Declaration of Helsinki, the International Conference on Harmonization Good Clinical Practices, and the applicable US Food and Drug Administration regulations. Approval from the institutional review board was received for each site, and all patients gave written informed consent prior to study participation.
Eligibility
Patients could have any subtype of histologically confirmed B-cell lymphoma with CD30 expression detectable by visual assessment of immunohistochemistry (IHC) on a biopsy of the most recent relapsed/refractory disease per institutional laboratory. All eligible patients had bidimensionally measurable disease of $1.5 cm in greatest transverse diameter and no history of another active invasive malignancy within the previous 3 years. Patients had to be age 12 years or older and have an Eastern Cooperative Oncology Group performance status of #2. Previous allogeneic SCT was allowed if .100 days had elapsed since SCT and there was no active graft-versus-host disease (GVHD) at the time of screening. Patients were required to have adequate baseline laboratory values for eligibility as previously reported. 20 Exclusion criteria included prior treatment with brentuximab vedotin, evidence of cerebral/meningeal disease, or prior progressive multifocal leukoencephalopathy. Patients with pre-existing peripheral neuropathy were eligible.
Study design
The study was designed to enroll approximately 65 patients with CD30 1 relapsed/refractory B-cell lymphomas, including approximately 50 DLBCL patients. Patients received 1.8 mg/kg brentuximab vedotin intravenously every 3 weeks. Those who achieved stable disease (SD) or better could receive continued treatment until disease progression, unacceptable toxicity, or study closure. The primary objective was objective response rate (ORR) as determined by the investigator per the Revised Response Criteria for Malignant Lymphoma. 22 Secondary end points included safety, correlation of CD30 expression with response, duration of objective response, and progression-free survival (PFS). Dose reduction to 1.2 mg/kg and treatment delay of up to 3 weeks was allowed, depending on the type and severity of toxicity, including peripheral neuropathy. Support with platelet and/or red blood cell transfusion or granulocyte colony-stimulating factors was allowed. Low-dose prednisone (#20 mg per day or other steroid equivalent) was permitted prior to study entry for GVHD and other indications unrelated to treatment of lymphoma. Immunosuppressive therapy (any dose level) was permitted for the prevention of transplant rejection or management of GVHD.
A separate cohort of patients (approximately 15 planned) received brentuximab vedotin 1.8 mg/kg intravenously in combination with rituximab (375 mg/m 2 ) on day 1 of each 3-week cycle. The primary objective was to assess the safety of brentuximab vedotin when given in combination with rituximab. Patients who completed 8 cycles of combination therapy or those who had unacceptable toxicity to rituximab prior to completion of 8 cycles could receive brentuximab vedotin, 1.8 mg/kg, as a single agent on day 1 of each cycle until disease progression or unacceptable toxicity.
For patients who received at least 1 dose of brentuximab vedotin, disease status and survival were observed every 3 months for the first 2 years and per institutional standard of care thereafter until study closure or withdrawal of consent. For patients who discontinued study drug for any reason other than disease progression or initiation of a nonprotocol therapy, radiographic assessments were done every 6 months for the first year and per institutional standard of care thereafter.
Study assessments
Response assessments were performed by using computed tomography and positron emission tomography scans of the neck, chest, abdomen, and pelvis at baseline, after cycles 2 and 4, and every 3 cycles thereafter while on study treatment, at end-of-treatment, and during follow-up as described above. Restaging assessments were performed by using only computed tomography scans of diagnostic quality if disease was not fluorodeoxyglucose-avid at baseline. Clinical response per the Revised International Working Group Response Criteria for Malignant Lymphoma 2007 was determined by the investigator. 22 Progressive disease (PD) included both disease progression by radiographic assessment and clinical disease progression as determined by the investigator. Safety and tolerability were assessed from first dose until approximately 30 to 37 days after the last dose of study drug. The National Cancer Institute Common Terminology Criteria for Adverse Events version 4.0.3 was used for grading adverse events (AEs). Other study assessments included pharmacokinetic (PK) analyses.
CD30 expression and soluble CD30
For eligibility, CD30 positivity on lymphoma cells was determined by the institutional laboratory by visual assessment of routine IHC staining using the anti-CD30 BerH2 antibody. Tissue samples were also sent to the central pathology laboratory (Quest Diagnostics) for an independent quantification of CD30 expression by IHC. Central laboratory definition of CD30 positivity was $1% expression on neoplastic cells.
For exploratory purposes, further analyses of the same samples was performed to quantify CD30 expression by computer-assisted methods using pixelbased image processing techniques to detect CD30 expression on all cells (Flagship Biosciences).
Soluble CD30 (sCD30) concentrations were measured in a commercial bead-based sandwich fluoroimmunoassay modified to eliminate interference by brentuximab vedotin; assays were performed on a Bio-Plex 200 system (Bio-Rad Laboratories, Inc.) with appropriate calibrators and controls.
Statistical analysis
Pathology was classified as DLBCL or other B-cell lymphomas according to World Health Organization 2008 criteria. Patient disposition, demographics, disease characteristics, safety, disease response, and exposure to study drug were analyzed by disease diagnosis, including DLBCL and other B-cell lymphomas. Primary mediastinal B-cell lymphoma (PMBL) was included in other B-cell lymphomas because the natural history and treatment for PMBL can differ from that for other DLBCLs. 23, 24 ORR was defined as the proportion of patients with complete response (CR) or partial response (PR) as best clinical response according to the Revised Response Criteria for Malignant Lymphoma. 22 For the primary objective for the DLBCL subgroup, observation of 10 or more objective responses ($20% ORR) in efficacy-evaluable patients allowed rejection of the null hypothesis and a claim that the true ORR is greater than 10% (with a one-sided significance level of 0.05). The efficacy-evaluable analysis set included all patients who received any amount of brentuximab vedotin or combination therapy and who had both a baseline and at least one postbaseline disease assessment (radiographic response assessment or clinical disease progression) up to the closure of the study or prior to the start of new anti-cancer treatment. No formal hypothesis was specified for the other B-cell lymphoma subgroup.
The medians and two-sided 95% confidence intervals for duration of response, duration of CR, and PFS were estimated by using Kaplan-Meier methodology. Duration of response for this study was defined as the time from start of the first documentation of objective response (CR or PR) to the first documentation of tumor progression or to death as a result of any cause. PFS was defined as the time from start of study treatment to first documentation of tumor progression or death as a result of any cause. Patients who initiated a nonprotocol antitumor treatment prior to documented PD or death (excluding stem cell transplant) were censored at the date of the last disease assessment prior to start of new therapy. The correlation of CD30 expression with response was assessed by using a generalized linear model. The PK parameters of brentuximab vedotin, MMAE, and total antibody were estimated and summarized with descriptive statistics. †Includes 46 patients with DLBCL and 18 patients with other B-cell lymphomas who were treated with monotherapy, and 12 patients who were treated with combination therapy. ‡Four patients had unknown disease stage at study entry including 2 patients with DLBCL and 2 patients with other B-cell lymphomas who were treated with single-agent therapy.
§One patient had both a prior autologous and a prior allogeneic SCT.
No formal hypotheses were specified for combination therapy. The intent of this cohort was to describe the type, incidence, severity, seriousness, and relatedness of AEs and laboratory abnormalities in patients treated with brentuximab vedotin in combination with rituximab.
Results

Patients
Sixty-eight patients with B-cell lymphomas (49 DLBCL and 19 other B-cell lymphomas) were treated between August 2011 and August 2013 at 26 sites in the United States. Patient demographics, baseline disease characteristics, and prior cancer-related therapies are presented in Table 1 . Most patients had stage III or IV disease, and 12 DLBCL patients (24%) had transformed disease from a prior indolent NHL. More than half of all patients had received 3 or more prior systemic therapies (range, 1 to 19 therapies), and nearly all had received prior rituximab. Most patients had refractory disease defined by less than CR or relapse from CR within 3 months of completion of first-line therapy or lack of an objective response with most recent therapy in patients who had received more than 1 prior therapy. Thirteen (19%) of the 68 patients had a prior SCT. Patients who had not undergone prior SCT were considered by the treating investigator to be ineligible for SCT on the basis of age, comorbidities, and/or lack of response.
Efficacy
For the 48 efficacy-evaluable DLBCL patients, the ORR was 44% (Table 2 ). Eight patients (17%) achieved a CR and 13 (27%) achieved a PR. One patient was excluded because the patient received a nonprotocol anticancer treatment prior to end-of-treatment restaging. The ORR was 44% in patients with refractory disease (15% CRs) and 38% in patients with relapsed disease (25% CRs) ( Table 2 ). The ORR was 50% for the 12 DLBCL patients with transformed disease (3 CRs and 3 PRs).
At the time of this analysis, the median follow-up time from first dose was 4.6 months (range, 0.6 to 29.5 months), and the median PFS for the DLBCL patients was 4 months (range, 0.61 to 241 months). The median duration of objective response was 5.6 months (range, 01 to 22.71 months) in all responders and 16.6 months (range, 2.7 to 22.71 months) in patients with a CR (Figure 1 ). Median duration of PR was 3.9 months (range, 01 to 8.7 months). Two patients who achieved an objective response discontinued treatment to proceed to transplant. One achieved a PR and underwent autologous SCT after 2 cycles of treatment, and the other patient achieved a PR and underwent allogeneic SCT after 7 cycles of treatment.
Five (26%) of the 19 efficacy-evaluable patients with other B-cell lymphomas had either CR or PR: 3 of 6 patients with gray zone lymphoma (1 CR and 2 PRs), 1 of 6 patients with PMBL (1 CR), and 1 of 3 patients with PTLD (1 CR) (see supplemental (Figure 2A) or by computer-assisted central review of IHC ( Figure 2B) , nor was there a correlation between CR and CD30 expression. There was also no statistical correlation between sCD30 and response or CR. However, all responding patients had elevated sCD30 at baseline, Table 2 .
Safety
All patients with B-cell lymphomas who received at least 1 dose of brentuximab vedotin were included in the safety analysis. Patients received a median of 4 cycles of treatment (range, 1 to 19 cycles). Neutropenia and peripheral sensory neuropathy were the primary AEs leading to dose modifications. Forty percent of patients had dose delays, and 13% had dose reductions. PD was the most common reason for treatment discontinuation (71%). Six DLBCL patients (12%) discontinued treatment because of AEs, including peripheral sensory neuropathy (PSN; n 5 3), peripheral motor neuropathy, hypoxia, and elevated alanine aminotransferase (n 5 1 each). Five of these 6 patients had CR and 1 had SD at the time treatment was discontinued. Three (20%) of the 15 patients with pre-existing PSN either experienced a worsening of the event on treatment or were dose reduced because of PSN. Two (33%) of the 6 patients in the combination cohort with preexisting PSN experienced a worsening of the event on treatment. These patients did not require dose reduction. Overall, the safety data in this study is comparable to the safety data reported in the pivotal phase 2 study of single-agent brentuximab vedotin treatment in systemic anaplastic large cell lymphoma (ALCL). 25 Treatment-emergent AEs occurring in $25% of patients are shown in Table 4 . Serious AEs (SAEs) of pyrexia and pneumonia were the most frequently occurring SAEs observed (10% and 9%, respectively). All 5 deaths within 30 days of the last study treatment were disease related.
Combination with rituximab
To explore the safety of combining brentuximab vedotin and rituximab, this study was amended in January 2013 to add approximately 15 patients with histologically confirmed DLBCL. Sixteen DLBCL patients were enrolled in this cohort, and 1 patient withdrew consent after only 1 dose of treatment and was replaced with an additional patient to ensure sufficient collection of safety data. Baseline disease characteristics in this cohort were similar to those of the DLBCL patients who received monotherapy (Table 1) . Disposition and exposure are presented in supplemental Table 3 . Treatment-emergent For personal use only. on January 1, 2018. by guest www.bloodjournal.org From AEs occurring in $25% of patients were similar to those reported in the monotherapy cohort (Table 5 ). Neutropenia incidence appeared to be lower in patients treated with the combination potentially because of the better Eastern Cooperative Oncology Group performance status (Table 1) , as well as a shorter duration of drug exposure (13% received .5 cycles vs 43% who received monotherapy). SAEs were consistent with what would be expected for the study agents and patient population (supplemental Table 4 ). For the efficacy-evaluable patients (n 5 13), the ORR was 46% (2 CRs and 4 PRs) with a median followup of 2.8 months thus far (supplemental Table 5 ).
PK
PK parameters for monotherapy were determined by using concentrations of serum brentuximab vedotin ADC and plasma MMAE and actual sampling times relative to the start of infusion. The estimated area under the curve, maximum concentration, and time at which maximum concentration of brentuximab vedotin and MMAE occurred were consistent with those from historic data for brentuximab vedotin. On the basis of current analyses, there did not appear to be a significant correlation between response and exposure to ADC or MMAE.
Discussion
The cell surface antigen CD30 is a well-established target for the targeted delivery of MMAE to lymphoma cells via the ADC brentuximab vedotin as evidenced by an ORR of 86% (CRs, 59%) in patients with relapsed systemic ALCL and 75% (CRs, 34%) in patients with relapsed HL in pivotal studies. 26, 27 Both diseases are characterized by high CD30 expression. CD30 is also frequently expressed on other T-and B-cell malignancies, making brentuximab vedotin a potential therapeutic option in these diseases. In this phase 2 study of brentuximab vedotin, reduction in tumor volume was observed in the majority of enrolled patients who had B-cell NHLs with CD30 expression, as determined by standard IHC per local laboratory (Figure 4 ). In addition, 44% of all patients with DLBCL (27 of 61) regardless of treatment regimen (monotherapy or combination therapy) achieved an objective response (supplemental Table 4 ).
The ORR of single-agent brentuximab in DLBCL was 44% (21 of 48), including 8 (17%) CRs. CRs were durable with a median duration of 16.6 months. At a median follow-up time of 4.6 months, the median PFS in DLBCL patients was 4 months. Most DLBCL patients had refractory disease, and the ORR was no different in refractory DLBCL patients than in relapsed DLBCL patients. There was no correlation of disease or demographic characteristics with response to treatment.
Objective responses were observed in patients across a wide range of CD30 expression by central IHC. One unanticipated finding was that neither the degree of surface expression of CD30 nor levels of CD30 correlated with the likelihood of response. However, all responding DLBCL patients had elevated sCD30 at baseline and also proved to have a quantifiable level of CD30 expression by computer-assisted methods, even if the visual assessment of IHC on central review did not suggest CD30 expression. The lack of correlation between the level of surface CD30 or sCD30 and response have several possible explanations. CD30 expression within the tumor could be heterogeneous and not fully represented by random samples selected for IHC. Another possibility is that some minimal threshold of CD30 is required for response; this was not apparent in the pivotal studies in relapsed HL and ALCL, diseases with uniformly high CD30 expression, in which brentuximab vedotin can be an effective therapy. 26, 27 This would explain responses in patients with no CD30 expression by visual assessment of IHC but with low-level expression detected by optical methods. A bystander effect is also plausible, with uptake in the tumor microenvironment and subsequent release of MMAE to the tumor cells. To further understand the activity of brentuximab vedotin in patients with low levels of CD30 expression, this study was amended in July 2013 to evaluate the efficacy of monotherapy in DLBCL patients with undetectable CD30 expression by visual assessment of IHC. Results from this cohort are forthcoming. Brentuximab vedotin was also active in other B-cell lymphomas. Three of the 6 patients with gray zone lymphoma achieved an objective response, and 1 patient with PTLD achieved a CR. One unexpected finding was the relatively low response rate in PMBL (1 CR in 6 patients; 17% ORR), which is typically characterized by high CD30 expression. However, given the small numbers of each of these B-cell NHL subtypes, it is difficult to establish meaningful conclusions on the activity of brentuximab vedotin in them.
The results of brentuximab vedotin monotherapy in CD30
1 DLBCL are comparable to other agents studied in relapsed/refractory DLBCL. Lenalidomide alone or in combination with rituximab has ORRs of 33% to 40%, with a median duration of response of 8 to 10 months. The ORR differs by cell of origin and is 53% in the activated B-cell subtype (ABC) versus 9% in the germinal center B-cell (GCB) subtype. [28] [29] [30] Similarly, ibrutinib had a single-agent ORR of 40% and PFS of 5.5 months in the ABC subtype but an ORR of only 5% in the GCB subtype. 31 The combination of bendamustine and rituximab resulted in an ORR of 45.8% (CR, 15%; PR, 31%) in DLBCL. One limitation of that study, similar to limitations in our study, is that responses were not analyzed by cell of origin. 32 Assessing responses to brentuximab vedotin by cell of origin of DLBCL would be an interesting exploratory analysis, although CD30 expression does not clearly correspond to the GCB or the ABC subtype of DLBCL. [15] [16] [17] [18] Other limitations of this study are the lack of a comparator arm, absence of central review of response, and lack of analysis of response by other potentially important prognostic markers, such as Bcl-2 or c-Myc. We also cannot exclude the possibility that relapsed CD30
1 DLBCL has a better prognosis than relapsed CD30 -DLBCL because there are no studies examining CD30 as a prognostic factor at relapse. Brentuximab vedotin as a single agent and in combination with rituximab was generally well tolerated in these heavily pretreated patients with advanced disease. AEs were generally consistent with the known toxicity profile of brentuximab vedotin on the basis of prior studies.
In summary, brentuximab vedotin demonstrated noteworthy activity in relapsed/refractory DLBCL patients, and CRs were durable.
Antitumor activity was not associated with CD30 expression levels by IHC or baseline sCD30. The activity of brentuximab vedotin in this study warrants further investigation. Additional combination studies are being considered for the treatment of relapsed/refractory DLBCL and for first-line treatment of DLBCL.
